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ABSTRACT
We measure rotation periods and sinusoidal amplitudes in Evryscope light curves for 122 two-minute
K5-M4 TESS targets selected for strong flaring. The Evryscope array of telescopes has observed
all bright nearby stars in the South, producing two-minute cadence light curves since 2016. Long-
term, high-cadence observations of rotating flare stars probe the complex relationship between stellar
rotation, starspots, and superflares. We detect periods from 0.3487 to 104 d, and observe amplitudes
from 0.008 to 0.216 g′ mag. We find the Evryscope amplitudes are larger than those in TESS with the
effect correlated to stellar mass (p-value=0.01). We compute the Rossby number (Ro), and find our
sample selected for flaring has twice as many intermediate rotators (0.04<Ro <0.4) as fast (Ro <0.04)
or slow (Ro >0.44) rotators; this may be astrophysical or a result of period-detection sensitivity. We
discover 30 fast, 59 intermediate, and 33 slow rotators. We measure a median starspot coverage of
13% of the stellar hemisphere and constrain the minimum magnetic field strength consistent with
our flare energies and spot coverage to be 500 G, with later-type stars exhibiting lower values than
earlier-types. We observe a possible change in superflare rates at intermediate periods. However, we
do not conclusively confirm the increased activity of intermediate rotators seen in previous studies.
We split all rotators at Ro ∼0.2 into PRot <10 d and PRot >10 d bins to confirm short-period rotators
exhibit higher superflare rates, larger flare energies, and higher starspot coverage than do long-period
rotators, at p-values of 3.2×10−5, 1.0×10−5 and 0.01, respectively.
Keywords: low-mass, stars: flare, ultraviolet: planetary systems, ultraviolet: stars, surveys
1. INTRODUCTION
Stellar rotation and surface magnetic activity (e.g. sur-
face field topology, starspots, and flares) are intrinsically
related phenomena. Quickly-rotating young stars drive
increased surface magnetic activity, while surface mag-
netism controls the spin-down of stellar rotation with
age (Weber & Davis 1967; Kawaler 1988). Spin-down
from angular momentum loss depends on the coupling of
the field to the stellar wind, with complex fields result-
ing in orders-of-magnitude weaker coupling than dipole-
dominant fields (e.g. Brown 2014; Garraffo et al. 2015,
2016, 2018). Directly measuring whether surface field
topology is simple or complex is difficult and expensive,
and has only been performed in detail for about 102
cool stars with well-constrained stellar rotation periods
(Shulyak et al. 2017). However, measuring the surface
magnetic activity levels of many stars at a range of ro-
tation periods may indirectly probe magnetic topology
throughout spin-down.
1.1. Stellar activity as a probe of spin-down
Large surveys of stellar rotation periods provide in-
sight into the periods at which the magnetic field may
change from simple to complex topologies. Stellar rota-
tion surveys find few cool stars with rotation periods be-
tween ten and seventy days, but many faster and slower
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rotators (e.g Newton et al. (2016, 2018); Oelkers et al.
(2018)). The transition from the quickly-rotating phase
to slowly-rotating phase is therefore thought to occur
rapidly for cool stars (Newton et al. 2016, 2018) due to a
change in the state of the surface magnetic field and the
sudden increased rate of mass and angular momentum
loss (AML) that results (Brown 2014). High mass stars
spin down earlier than low mass stars; many field-age
M-dwarfs are still actively spinning down (Newton et al.
2016).
Stellar activity (e.g. stellar flaring and starspot cover-
age) is well known to decrease as stars spin down with
age (Ambartsumian & Mirzoian 1975). It is hypothe-
sized that increased stellar activity may be observed from
cool stars with intermediate rotation periods as the sur-
face magnetic field evolves from a simple into a complex
topology (Mondrik et al. 2019). Two common photo-
metric measurements that may trace the evolution of the
magnetic field are the sinusoidal oscillations in brightness
from starspots and the amount of stellar flaring.
Starspots are often used to measure the stellar rota-
tion period (e.g. Baliunas et al. 1996; Affer et al. 2012;
Newton et al. 2016; Oelkers et al. 2018). Starspots are a
form of stellar activity that appear on the photosphere
of a star and are effects of the interior stellar magnetic
dynamo. Starspots are cooler than the rest of the photo-
sphere, resulting in a flux difference between the spotted
and non-spotted surfaces of a star (Berdyugina 2005). As
the photosphere rotates, starspots often induce regular
brightness variations in stellar photometry. The fraction
of the stellar hemisphere covered by starspots, or starspot
coverage fraction, decreases at long rotation periods for
stars above the fully-convective mass limit, probing the
ar
X
iv
:1
90
7.
10
73
5v
2 
 [a
str
o-
ph
.SR
]  
26
 M
ay
 20
20
2evolution of the star’s surface magnetic field throughout
spin-down (e.g. Hartman et al. 2011; McQuillan et al.
2014; Newton et al. 2016; Notsu et al. 2019; Morris et al.
2019).
Stellar flares are another indicator of surface mag-
netism. Flares occur when the surface magnetic field
re-connects, impulsively releasing electromagnetic radi-
ation. Cool stars are often flare stars, even emitting
frequent superflares (e.g. Paudel et al. 2019; Howard
et al. 2019): extremely intense flares that release 10-
1000X more energy than those seen from the Sun. As
M-dwarfs age, both the flare occurrence rate and flare
energy decrease (Davenport et al. 2019; Ilin et al. 2019).
Flaring also depends upon stellar mass due to the depth
of the convective layer (Davenport et al. 2016). Be-
cause flares are intimately connected with the surface
field and depend on stellar rotation, it is hypothesized
they may be useful in separating M-dwarfs with complex
and simple fields. An increased flare rate from late M-
dwarfs has been observed at intermediate rotation peri-
ods (10< PRot <70 d), supporting this hypothesis (Mon-
drik et al. 2019).
Starspot coverage and flaring are closely linked. The
largest flare a star may emit is limited by the stored mag-
netic energy of the starspot group that produced it. By
comparing the largest flare observed from each star and
the starspot coverage fraction of that star, the stellar
magnetic field strength may be constrained. This is be-
cause the surface magnetic field strength adjusts the con-
version from starspot size to flare energy; the field must
allow the observed flares given the observed spot sizes
Notsu et al. (2019). Similarly, estimates may be made
for the surface magnetic field strengths of cool rotators
as they spin down. Combining a large sample of stellar
flares and rotation periods allows estimates of their min-
imum surface magnetic fields to be tested against typi-
cal magnetic field strengths of cool stars (Shulyak et al.
2017).
1.2. Photometric surveys of rotating cool stars
Large numbers of photometric rotation periods of cool
stars have been or are being catalogued by various space-
based and ground-based surveys. Examples include 5257
Kepler (Borucki et al. 2010) K5 and later rotators (at
least 80% of which are M1 or earlier) from McQuillan
et al. (2014), at least 105-106 K5 and later rotators from
the Transiting Exoplanet Survey Satellite (TESS; Ricker
et al. 2014) estimated from Stassun et al. (2019); Zhan
et al. (2019), ∼800 K5 or later rotators in the Kilodegree
Extremely Little Telescope (KELT; Pepper et al. 2003,
2007, 2012) from Oelkers et al. (2018), and 628 mid-to-
late M-dwarf rotators from MEarth (Nutzman & Char-
bonneau 2008; Berta et al. 2012) (Newton et al. 2016,
2018). While about 1-10% of late K-dwarfs and early M-
dwarfs are flare stars, about 30% of mid-to-late M-dwarfs
are flare stars (e.g. Yang et al. 2017; Gu¨nther et al. 2020;
Howard et al. 2019). Cross-matching stars in each sur-
vey with rotation periods against stars with stellar flares
therefore significantly reduces the sample size.
1.3. Stellar rotation with TESS and Evryscope
Optimized to observe low-amplitude variation from all
nearby cool stars, TESS will contribute the majority of
fast and intermediate-period cool rotators. However, the
TESS primary mission observes most stars for only 28
days, decreasing its ability to measure the periods of slow
rotators. Furthermore, the uncertainties to the periods of
intermediate and slow rotators obtained by TESS will be
large (e.g. errors from approximately ∼0.1-to-∼1 days)
compared to longer-duration observations.
The Evryscope (Law et al. 2015; Ratzloff et al. 2019a)
observes all bright cool stars across the Southern sky.
The Evryscope is an array of small telescopes which si-
multaneously image the entire accessible sky, produc-
ing light curves of all (∼0.5×105) nearby cool stars.
Evryscope light curves allow detection of significantly
longer rotation periods than from TESS data alone.
While TESS observes each star for ∼28 days in the
red at high photometric precision, Evryscope observes
each star at moderate precision for several years in the
blue. Combined rotation periods in the blue and in the
red allows not only better error analysis of the rotation
rate for large numbers of field stars during spin-down,
but also an estimate of the color-dependence of starspot
modulation during this process. Long-term monitoring
by Evryscope also confirms whether periodic brightness
modulation seen in TESS is transient or stable over the
course of multiple years to better inform RV follow-up
efforts of planet candidates.
In this work, we focus on the subset of Evryscope ro-
tation periods of previously-identified flare stars from
Howard et al. (2019). This subset of the Evryscope data
was selected from cool stars with 2-minute cadence light
curves from both Evryscope and TESS, allowing a com-
parison of Evryscope and TESS rotation. Future work
will further explore the combined flare rate and starspot
coverage in both the TESS and Evryscope bands.
In Section 2 of this work, we describe the Evryscope,
light curve generation, and rotation period, starspot, and
stellar flare observations. We also describe the TESS ob-
servations. In Section 3, we describe rotation period de-
tection in Evryscope and TESS and estimation of period
uncertainties. We describe how the sinusoidal amplitude
of rotation is greater in the Evryscope g′ bandpass than
in the red TESS bandpass and how this effect is greatest
for low-mass stars. In Section 4, we describe the distri-
butions of rotation periods, Rossby numbers, amplitudes
of sinusoidal rotation, starspot coverage fractions, and
surface magnetic field constraints. We discuss the de-
crease in activity with rotation period, and describe a
possible increase in superflare rates at intermediate ro-
tation periods. In Section 5, we summarize our results
and conclude.
2. EVRYFLARE: ALL-SKY STELLAR ACTIVITY SEARCH
The EvryFlare survey is an ongoing comprehensive sur-
vey of stellar activity from all cool stars observed by
Evryscope in the accessible Southern sky. Evryscope
monitors large flares, stellar rotation periods, and
starspot coverage from all nearby cool stars.
2.1. Evryscope observations
As part of the Evryscope survey of all bright Southern
stars, we discover many variable stars and rotating stars
with starspots. The Evryscope is an array of small tele-
scopes that simultaneously images 8150 square degrees
and 18,400 square degrees in total each night on the sky.
3Evryscope observes at two-minute cadence in g ′ (Law
et al. 2015), and is optimized for bright, nearby stars,
with a typical dark-sky limiting magnitude of g ′=16.
Each night, Evryscope continuously monitors each part
of the sky down to an airmass of two and at a resolution
of 13′′pixel−1 for ∼6 hours, The system accomplishes this
by employing a “ratchet” strategy, tracking the sky for
2 hours at a time before ratcheting back into the ini-
tial position and continuing observations (Ratzloff et al.
2019a).
The Evryscope has already obtained 3.0 million raw
images, which we store as ∼250 TB of data. Evryscope
images are reduced at real-time rates using a custom
data reduction pipeline (Law et al. 2016; Ratzloff et al.
2019a). Each 28.8 MPix Evryscope image is calibrated
using a custom wide-field astrometric solution algorithm.
Background modeling and subtraction is carefully per-
formed before raw photometry is extracted within forced-
apertures at coordinates in an Evryscope catalog of 3M
known source positions, including all stars brighter than
g ′=15, fainter cool stars, white dwarfs, and a variety of
other targets. We then generate light curves across the
Southern sky by differential photometry in small sky re-
gions using carefully-selected reference stars and across
several apertures (Ratzloff et al. 2019a). Systematics are
partially removed by employing two iterations of the Sys-
Rem detrending algorithm (Tamuz et al. 2005).
We periodically regenerate the entire database of
Evryscope light curves in order to incorporate observa-
tions obtained since the last update and to improve the
photometric precision. At the time the data was an-
alyzed for the present work, the Evryscope light curve
database spanned Jan 2016 through June 2018, averaging
32,000 epochs per star (with factors of several increases
to this number closer to the South Celestial Pole). De-
pending upon the level of stellar crowding, light curves
of bright stars (g ′=10) reach 6 mmag to 1% photometric
precision. Evryscope light curves of dim stars (g ′=15)
reach comparable precision to TESS, attaining 10% pho-
tometric precision (Ratzloff et al. 2019a).
2.2. TESS observations
The TESS mission is searching for transiting exoplan-
ets across the entire sky, split into 26 sectors. TESS
observes each sector continuously in the red with four
10.5 cm optical telescopes for 28 days at 21′′ pixel−1.
We chose our original sample to have calibrated, short-
cadence TESS light curves during the Primary Mission,
which were downloaded from MAST3 for each cool flare
star in our sample. We selected Simple Aperture Pho-
tometry (SAP) light curves rather than Pre-search Data
Conditioning (PDC) ones to avoid removing real astro-
physical variability.
2.3. Evryscope+TESS sample of cool flaring rotators
We search for rotation periods in our sample of flaring
cool stars (i.e. K5-M4 dwarfs) from Howard et al. (2019).
Although Evryscope observes ∼0.5×105 cool stars, 2-
minute cadence light curves of only 4,068 cool stars were
produced by both Evryscope and TESS in the first six
TESS sectors. We selected only stars with both a high-
cadence light curve in the blue (Evryscope) and in the red
3 https://mast.stsci.edu
(TESS) in order to compare the flare amplitudes, flare
energies, flare rates, rotation periods and amplitudes of
rotation between these bands. Evryscope observed 575
large flares with a median energy of 1034 erg from the 284
flare stars. Of these, rotation was detected for 122 stars.
These stars comprise the sample of active cool rotators
in this work. Future work will explore a larger sample in
both Evryscope and TESS.
The stellar flares were observed in the Evryscope light
curves from the subset of rotators within the Howard
et al. (2019) sample. These rotators are given here in
Table 1. Flares are discovered and characterized as de-
scribed in Howard et al. (2019). Briefly, we searched
2-minute cadence Evryscope light curves for large flares
first by eye, and then with the Auto-ELFS automated
flare-search algorithm. The algorithm applies a flare
matched-filter to the light curve and records brighten-
ing events that exceed the local noise by at least 4.5σ as
flare candidates. Event start and stop times are deter-
mined by the first and last epochs to exceed the noise by
1σ around the peak epoch. The light curve of each flare
candidate is converted to fractional-flux ∆F/F using the
out-of-flare flux F0: ∆F/F=
F−F0
F0
. The equivalent dura-
tion (ED) of each flare candidate is computed from the
start to the stop time in seconds by a trapezoidal inte-
gration of the fractional-flux. We multiply the ED by the
g′ stellar quiescent flux (L0) computed from the APASS
DR9 (Henden et al. 2016) g′ magnitude and Gaia DR2
(Gaia Collaboration et al. 2016, 2018) distance; L0 is
given in units of erg second−1. Finally, we convert flare
energies in g′ to bolometric energies assuming a 9000
K flare blackbody. These events are inspected by eye for
systematics or astrophysics other than flares as described
in Howard et al. (2019) and subsequently confirmed or
rejected.
We calculated the maximum-energy flare observed
from each star during 2+ years of Evryscope observa-
tions, as well as the annual superflare rate of each star.
We use these two flare star parameters to investigate the
dependence of flaring upon stellar rotation and starspot
coverage to avoid discovering random correlations be-
tween a large number of flaring variables.
2.4. Characterizing Stellar Properties
Obtaining accurate values of stellar effective tempera-
ture and stellar radius helps constrain the physical pa-
rameters of starspots. All values are given for each star
in Table 1.
2.4.1. Estimating Photometric Spectral Type
We estimate the photometric spectral type of each star.
Because Howard et al. (2019) estimated spectral type
from one color and a Gaia DR2 distance, we find the
g ′ blue band may over-predict the stellar effective tem-
perature of cool dwarfs by several hundred K compared
to classifiers that use several colors (e.g. Ratzloff et al.
2019c). To provide increased accuracy in our sub-type
classification, we use the photometric spectral type clas-
sifier described in Ratzloff et al. (2019c).
Briefly, Ratzloff et al. (2019c) classifies main sequence
dwarfs by their reduced proper motion (RPM) and mul-
tiple stellar colors using a Gaussian Mixture Model
(GMM; Pedregosa et al. 2012). The GMM calculates
4the negative-log-likelihood and confidence level each star
has been correctly classified. The GMM classifies M-
dwarfs to within at least 3 spectral sub-types 95% of the
time. While it is possible for an RPM classifier to fail
to separate dwarf and giant stars at low RPM, we do
not consider this to be a concern because the entire sam-
ple of stars was separately classified on the basis of Gaia
DR2 parallax and APASS DR9 g-magnitude; we desire
to increase the precision of sub-type measurements made
from one color toward several colors. Out of 122 stars,
the GMM classified 80% of our sample. For the other
20%, no GMM classification was given, likely a result of
having too few cross-matched colors. For stars without a
classification, we assign the spectral type via the absolute
g′ magnitude as described in Howard et al. (2019).
2.4.2. Estimating Stellar Effective Temperature, Mass, and
Radius
We compute stellar effective temperature from the
estimated spectral type using the relations given in Ta-
ble 5 in the Appendix of Kraus & Hillenbrand (2007).
We also compute stellar mass from the estimated spec-
tral type using the relations given in Table 5 in the Ap-
pendix of Kraus & Hillenbrand (2007). We compute stel-
lar radius using the mass-radius relationship for cool
stars given in Mann et al. (2015).
2.4.3. Characterizing Starspots and Flares
Assuming that the observed sinusoidal stellar bright-
ness variations are caused by star spots rotating into and
out of view, we may investigate the nature of the star
spots in our sample. For each rotating star in our sam-
ple, we may estimate the following starspot parameters:
• We estimate starspot temperature using the rela-
tionship between stellar effective temperature TEff
and starspot temperature TSpot from Notsu et al.
(2019):
∆T (TStar) = TStar − TSpot =
3.58× 10−5T 2Star + 0.249TStar − 808
(1)
We note this fit was derived for solar type stars
observed by Kepler and is extrapolated into the
cool star regime. We therefore urge caution in the
application of these values.
• We measure spot coverage as the starspot area
ASpot divided by the projected hemispherical area
of the star AStar. We use the relation described in
Maehara et al. (2012); Shibata et al. (2013); Notsu
et al. (2013, 2019):
ASpot
AStar
=
∆F
F
[
1−
(
TSpot
TStar
)4]−1
(2)
∆F/F is the normalized flux difference in bright-
ness between the brightest part of the star and the
dimmest side and is in units of fractional-flux. Astar
is given as AStar = piR
2
Star. The bolometric spot
area will differ from the spot area measured in a
given bandpass.
These results and relevant uncertainties are displayed
in Table 1 for each flare star. The measured rotation
period and period error calculated as described in Section
3 is also included for each rotating flare star. We plot
a grid of sample Evryscope period detections in Figure
1. We also plot a grid of sample Evryscope and TESS
period detections overlaid on each other in Figure 2.
3. EVRYSCOPE ROTATION PERIODS
We search for photometric rotation periods by com-
puting the Lomb-Scargle (LS) periodogram (Lomb 1976;
Scargle 1982; VanderPlas 2018) of each Evryscope light
curve.
3.1. Initial detection of periods in Evryscope
We separately compute the LS periodogram of each
light curve for 10,000 frequency steps over a test period
range of 0.1 to 3 days, and for 10,000 frequency steps over
a test period range of 1.25 to 100 d. Periodograms were
computed separately in these period ranges as part of
a modular data analysis and then the clearest candidate
signals across both periodograms were selected. This was
a result of realizing the initial lower period limit of 1.25
d had removed fast rotators from the sample. The upper
limit of 102 is arbitrarily selected; we note most active
stars will rotate much faster. We also note that distin-
guishing signal from our systematics and noise becomes
increasingly difficult at very long periods, placing us in a
different regime for rotation than MEarth (Newton et al.
2018), etc. We also note that if the highest LS peak for
a star is at 100 d, we manually increase the period in
steps of 0.1 to 0.5 d and examine the phase-folded light
curve to see if the true period is slightly larger than 100
d. We subtract 27.5 day and 1 day best-fit sines from
all light curves before computing the periodograms. LS
power is computed as the median-subtracted LS peri-
odogram peak of the target star over the “noise” of the
periodogram. We exclude a period region within 0.05
days of the detected peak from the noise computation.
In order to constrain systematics during the period
analysis, we compare the LS periodogram of each target
star with the combined LS periodograms of the other 283
flare stars in Howard et al. (2019), stepping through the
entire sample star by star. Systematic behavior common
to all light curves will increase the LS power of each star
at systematics-affected periods. We therefore combine
together the LS periodograms of all rotating and non-
rotating stars, computing the median and standard de-
viation of the detected LS powers of all stars at each test
period from 0.1 to 100 d. We define the averaged LS pe-
riodogram as the 1σ upper limit of the distribution of LS
powers at each tested period. This process is illustrated
in the top panel of Figure 3. We subtract the averaged
LS periodogram from the target star periodogram to pro-
duce a “modified pre-whitened (MP) periodogram.” The
MP periodogram allows the detection of high-amplitude
astrophysical oscillations at periods that may also dis-
play low amplitude systematic periods while removing
the low-amplitude events. For such high-amplitude sig-
nals, the height of the peak is reduced in the MP peri-
odogram. Evryscope-detected periods within 5% of 1 d
(or 1/2 d, 1/3 d, 1/4 d, 1/5 d etc) are not considered at
all due to the prevalence of the day-night cycle system-
atic.
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6Figure 1. A random subset of all photometric rotation periods found in Evryscope light curves for 122 cool flare stars. In each panel,
we plot ∆Mg′ magnitudes versus phase. We repeat the phased epochs twice to better display the periodicity. A phased and binned
Evryscope light curve is overlaid (in blue), along with a best-sinusoid fit to the unbinned data (in orange). We sometimes detect periods
with additional periodicity at harmonics of the strongest peak, such as in the bottom-left panel.
7Figure 2. Phased and binned light curves of a subset of cool rotators for which the TESS light curve folds up exactly to the Evryscope-
detected period. The phased and binned Evryscope (blue) and TESS (red) light curves are overlaid. In each panel, we plot the normalized
flux ∆F/F versus phase. We repeat the phased epochs twice to better display the periodicity. We find the amplitudes of the TESS light
curves are almost universally less than or equal to the Evryscope amplitudes. We note the increase in spot contrast in the blue g′ bandpass
versus the red T bandpass. TESS amplitudes are further decreased beyond the initial amplitude difference by systematics-removal. In
visual inspection and A-D tests, this color difference correlates with the stellar effective temperature of our K5-M4 stars but not with the
presence of companion stars in the TESS pixel, which is 4× larger.
8Figure 3. An example photometric rotation period found in an
Evryscope light curve. The LS periodograms of all stars are plotted
on top of each other in a transparent red color, while the “aver-
aged” periodogram is plotted as a solid dark red line. The LS
periodogram of the target star is plotted as a solid black line.
The averaged LS periodogram is then subtracted from the LS peri-
odogram of the target star and searched for the highest peak above
the noise, as displayed in the middle panel of Figure 3. The best
period is denoted by a green arrow. In the bottom panel, we plot
∆Mg′ magnitudes versus phase. A folded and binned Evryscope
light curve is plotted in blue points and compared to the best-fit
sine in orange.
The highest peak above the noise in the MP peri-
odogram is selected as the best candidate period as
shown in the middle panel of Figure 3. Candidate peri-
ods are investigated in a custom graphical user interface
(GUI) by eye; the GUI is an interactive version of Figure
3. The light curve is folded to the period with the highest
peak and visually confirmed as a sinusoid. If the highest
peak is not a clear sinusoid, other large peaks above the
noise are inspected in the same way. The highest peak is
sometimes a harmonic of the true rotation period or even
a systematic in the light curve. If a clear sinusoidal signal
can be detected, that period is recorded. The light curve
of the target star is folded to the best-detected period
in the bottom panel of Figure 3. If the LS power and
oscillation amplitude are small and the power spectrum
is noisy or dominated by systematic periods, we record
no period for that target star. The best estimate for the
period of each flare star is recorded in Table I of this
work.
3.2. Bootstrap Measurement of period uncertainty
A periodogram bootstrap may serve two closely-related
purposes: (1) to measure the false-alarm probability of
a signal, and (2) to measure the uncertainty of a given
period on the data (VanderPlas 2018). We use TESS
light curves to assess (1), and use Evryscope light curves
and our bootstrap routine to assess (2). While one
might initially assume a full test period range of 0.1 to
100 d would best sample the bootstrap uncertainties, a
narrower window centered on the detected period pro-
vides more meaningful information. A narrow window
reduces the effects of aliasing. A 0.1 to 100 d window
would result in unphysically-large deviations in the av-
erage maximum-power position in the bootstrapped pe-
riodograms. The day-night cycle, the lunar cycle, sea-
sonal changes, and instrumental effects will also each im-
print on the full periodogram as a convolution of periods
(VanderPlas 2018). Therefore, we choose a window size
of 20%, exceeding the FWHM of the detected LS peak.
Phase-folding the Evryscope light curve at periods out-
side the FWHM demonstrates a highly-degraded signal
compared to phase-folding at periods within the LS peak.
Uncertainty to each Evryscope-detected period is com-
puted with 1000 trials of a custom bootstrap algorithm,
which randomly drops 10% of the light curve before re-
computing the LS periodogram. This method assumes a
light curve that is much longer than the oscillation pe-
riod, and tests if some small section of that light curve
may unduly bias the recovered period. In each trial, pe-
riodograms are computed with 10,000 steps in frequency
within 25% of the period previously confirmed by eye
(chosen to allow up to 20% error as described below).
Periods are tested as follows:
1. The bootstrap begins by searching in the peri-
odogram for candidate peaks within 10% of the
period previously confirmed by eye. We start with
10% of the period to avoid other large peaks in the
periodogram that survived the 25% cut.
2. If the resulting periods do not converge to bet-
ter than 10% (e.g. there are other large peaks in
this period range causing the histogram of boot-
strapped periods to not be pseudo-normally dis-
tributed), the period range of candidate peaks is
then extended and the bootstrap is re-run. This
time, candidate peaks within 20% of the period
previously confirmed by eye are allowed.
3. If the resulting periods do not converge to bet-
ter than 20%, the bootstrap fails. In this case,
the uncertainty to the period is reported to be the
FWHM of the LS peak and no further iterations
are attempted for that target. Uncertainties larger
than 20% are rare (2% of the sample) and generally
occur only if the period selected by eye that best
phases up the light curve is not the highest peak in
the periodogram test window.
4. The final bootstrapped period error is chosen to be
the standard deviation of the histogram of boot-
strapped values. We ensure at least 250 of the
91000 MC trial values are used in the standard de-
viation calculation and did not center on another
large peak within 25% of the input period. We also
allow for small systematic offsets between the in-
put period (measured by the MP-LS process and
not the bootstrap LS) and the distribution of boot-
strapped values. When the offset between the input
MP-LS period and the median of the bootstrapped
period histogram is larger than the standard de-
viation of the histogram, we increase the error to
the larger of the two values. Such offsets are small
(3σ-clipped median of 0.0002 d).
We inspected the bootstrap errors versus the amplitude
of rotation to ensure that as amplitudes increase above
the photometric noise, the bootstrap errors decrease.
This trend loosely holds from amplitudes of 0.008 up
to 0.05 mag in g′. Above 0.05 mag in g′ the trend of
bootstrap error versus amplitude of rotation becomes less
clear. Visual confirmation of period errors indicates the
smallest errors (<10−4 d) may be under-estimated.
3.3. Period validation using TESS light curves
As a further validation step, we fold the correspond-
ing 2-minute cadence TESS light curve to our detected
period. If we observe no coherent behavior at that pe-
riod in TESS data, we record that information in Table
1. We note that a lack of TESS periodicity at our de-
tected period does not mean our period is not astrophys-
ical. Starspots evolve over time (Giles et al. 2017), may
display a change in contrast against the star at different
wavelengths (Notsu et al. 2019), and may even be altered
by large flares (Zhan et al. 2019).
Many TESS SAP flux light curves demonstrate long
term trends; to prevent these trends from altering TESS
amplitudes of rotation, we pre-whiten the light curves at
timescales longer than the Evryscope-detected periodic-
ity. This is done by subtracting a 1D Gaussian-blurred
light curve with a blurring kernel equal to the rotation
period. We record whether the TESS light curve folds
exactly to the Evryscope period in Table 1. If so, we
also record the amplitude of the oscillation in TESS-
magnitude and normalized flux in Table 1 for compar-
ison to the Evryscope values. The range of folded TESS
light curves that phase to Evryscope periods is visible in
Figure 2.
While folding TESS light curves to the Evryscope pe-
riod of each rotator identified by eye above, we discov-
ered 27 of our rotation periods in the 1.25+ d range were
aliases of an obvious rapid-rotator in TESS. As a result,
we re-computed the LS periodogram of all Evryscope
light curves down to 0.1 d. For stars with periods al-
ready detected in the original 1.25-100 d period search
range, we exclude shorter periods at exact beat frequen-
cies of the previously-detected period and 1 d.
We may sometimes detect a period not evidenced in
the TESS light curve or vice versa. Systematics in the
TESS light curve, in the Evryscope light curve, or in
both may cause difficulty in comparing the two periods.
In particular, uncorrected TESS systematics in multi-
sector light curves may obscure periods of slow rotators.
3.4. Detection of Evryscope periods in TESS
During inspection of the TESS light curves of Section
3.3, we observe 75 periods that exactly match in both sur-
veys (shown in Figure 2), and 7 periods that are probably
confirmed but do not fold to the exact period detected
by Evryscope, possibly due to spot evolution and dif-
ferential rotation. 4 of our periods appear to be simple
harmonics of the fundamental TESS period, and 4 of our
periods correspond exactly to the beat frequency of 1 d
and the period observed in TESS (all are from the 0.1d
to 3 d periodogram). Because astrophysical signals in LS
periodograms are well-known to produce power at har-
monic frequencies close to the true frequency (i.e. 1/2×,
2×, 1/3×, 3×) (VanderPlas 2018), we include our “har-
monic” and “beat” detections as genuine detections of
the stellar rotation in both surveys. For stars labeled
“harmonic” or “beat” in Table 1, we record the unam-
biguous TESS period. Finally, 3 of our periods are too
long to confirm in the TESS light curve. 29 of our peri-
ods do not correspond to any period in the TESS light
curve.
3.5. TESS vs. Evryscope sinusoidal amplitudes
While folding the high-cadence TESS light curves of
each rotator to the Evryscope period as described in Sec-
tion 3, we noticed the Evryscope sinusoidal amplitudes
are consistently greater than or equal to those in TESS.
We compute the normalized fractional flux difference be-
tween Evryscope and TESS amplitudes for the TESS pe-
riods of our 75 exact period-matches, 4 harmonic peri-
ods, and 4 harmonic-beat periods from Section 4.3.1, for
a median flux difference and 1σ spread in the distribu-
tion of flux difference of 0.04+0.03−0.02. It is likely this is
an effect of the differing blackbody temperatures of the
spot and star. We hypothesized the rotators with the
greatest amplitude differences should correlate with stel-
lar effective temperature and therefore color. We checked
the correlation visually and observed a weak trend to-
ward larger differences in amplitude at lower masses; we
also performed a two-sample Anderson-Darling test on
the flux amplitude differences of early and late rotators,
and found some correlation (p=0.01, see Section 4.3.1 for
more information on the test statistic).
To be thorough, we also hypothesized the 4X larger
TESS pixels capture more flux from companion stars,
diluting the amplitude. We checked the number of Gaia
DR2 sources for each star, and found the larger flux dif-
ferences in amplitude do not correlate with more com-
panion stars (p≈1). We find between 1 and 17 Gaia
DR2 sources per 21” aperture; 94% of our 83 targets have
fewer than four nearby sources and display no trend with
a difference in flux amplitude. Although not statistically
significant, the remaining 6% of the targets with four or
more sources do display flux amplitude differences. We
do not see similar amplitude offsets between Evryscope
and TESS for other targets (e.g. (Ratzloff et al. 2019b,
2020)) as might be expected if our detection were due
to systematics, further supporting our detection of in-
creased contrast with spots at later types.
4. DISCUSSION: STELLAR ACTIVITY AND ROTATION
RELATIONS
In this section, we characterize stellar rotation,
starspot coverage, and flare energy in the Howard et al.
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Figure 4. Binarity is observable via multiple rotation periods for
the flaring BY Dra variable TIC-50745582 (V* V1311 Ori). Two
Evryscope periods were detected and then validated in the TESS
light curves. Top panel: The LS periodogram of the TESS light
curve and modified pre-whitened LS periodogram of the Evryscope
light curve are compared, and the best peaks with Prot <1.25 d and
Prot >1.25 d are selected, respectively. Bottom panels: The TESS
light curve is folded to each period, demonstrating clear rotational
modulation.
(2019) flare star sample.
4.1. Stellar rotation periods
We discover 122 stellar rotation periods out of 284 flare
stars. We detect rotation periods ranging from 0.3487 to
104d, a median and 1σ spread of 6.3+31−5 d. Phase-folded
light curves of a random subset of our detected rota-
tion periods are displayed in Figure 1. M-dwarf periods
of ∼7 d are relatively rare in MEarth data, suggesting
our sample contains many young stars and stellar bina-
ries. Periods of ∼7 d occur when stars are either young
and still activity spinning down, or else when they are
members of a multiple system that has slowed spin-down
Fleming et al. (2019). Indeed, several stars in the sam-
ple are well-known flaring binaries (e.g. GJ 841 A, CC
Eridani and V* V1311 Ori, all BY Dra systems (Eker
et al. 2008; Samus’ et al. 2017)). One way to determine
if rotators like these BY Dra are in multiple systems is
by multiple periods imprinted on the light curve. Of
all our Evryscope rotators, only the BY Dra system V*
V1311 Ori clearly showed rotation in both components,
as displayed in Figure 4.
Because the Evryscope light curves are high-cadence
and multi-year, many of our detected periods are good
to 2-5 significant figures, with better uncertainties for
short periods than long periods. The period uncertain-
ties have a median and 1σ range of 0.0061 +0.57−0.0058 days.
We detect all periods at significance levels greater than
5σ, with greater significance for shorter periods. The me-
dian significance of detection and its 1σ range is 18.5+13−9 .
4.2. Spot Coverage and Maximum Flare Energies
Starspots are easily observed on low-mass stars be-
cause the amount of light blocked by spots creates a
high-amplitude signal (McQuillan et al. 2014). Starspot
coverage fractions are inferred from either the ampli-
tude of rotational modulation in the light curve (Mae-
hara et al. 2012; Shibata et al. 2013; Notsu et al. 2013,
2019), or comparing TiO bands in stellar spectra with
simulated template spectra of the spot and star (Neff
et al. 1995; O’Neal et al. 2004; Morris et al. 2019). We
search for spots using rotational modulation. Not all
spotted stars will produce photometric rotation periods;
rotational variation from spots is suppressed for spots at
the poles and stars with spots evenly distributed across
the stellar surface (Morris et al. 2019).
We measure a distribution of sinusoidal amplitudes
ranging from 0.008 to 0.216 g′ magnitudes, with a me-
dian amplitude and 1σ spread in the distribution of am-
plitudes of 0.033+0.026−0.014 g
′ magnitudes, as shown in the
left panel of Figure 5. We convert amplitude of rota-
tion in g′ magnitudes to the normalized peak-to-trough
flux amplitude ∆F/F, which may be understood as the
fraction of starlight blocked by spots (∆F/F is mathe-
matically equivalent to fractional-flux). The median flux
amplitude and 1σ spread in the distribution of normal-
ized flux amplitudes is 0.06+0.05−0.03 as shown in the middle
panel of Figure 5.
The fraction of starlight blocked by spots ∆F/F is not
equivalent to the hemispherical starspot coverage frac-
tion ASpot/AStar. This is because starspot area depends
on the temperature of the star and the temperature of
the starspots as given in Equation 2. We estimate spot
coverage fractions ranging from 0.03 up to nearly an en-
tire stellar hemisphere; the median spot coverage frac-
tion and 1σ spread in the distribution of spot coverage
fractions is 0.13+0.12−0.06. We note that coverage fractions
depend on the assumed spot temperature, stellar radius,
and fraction of bolometric spot flux observed in g′, which
may each be in excess of 10% error; we urge readers to
exercise caution in the use of these values where precision
better than 50% is required.
Energy stored in starspots may be released in the form
of stellar flares. The area of the smallest spot that could
have produced a flare of bolometric energy Eflare is given
by Shibata et al. (2013); Notsu et al. (2019) as:
Eflare =
B2
8pi
A
3/2
Spot (3)
B is the surface magnetic field strength, and ASpot is the
smallest spot group area that could release a flare of en-
ergy Eflare. We note that true spot sizes could be at least
an order of magnitude larger than those given by this
simplified model. We plot the largest flares we observed
from each star as a function of the estimated starspot
coverage of that star in Figure 6. We then overlay lines
of minimum starspot coverage capable of generating the
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maximum-observed flare energy from each star, for repre-
sentative magnetic field strengths of 0.5 kG, 1 kG, and 2
kG as shown in Figure 6. Because the true spot coverage
ought to lie to the right of this line (i.e. greater spot cov-
erage), we may constrain the minimum field strength B
associated with our starpots (in certain line-of-sight spot
geometries, a smaller field could be several kG larger).
We find most stars in our sample lie to the right of
the 0.5 kG field line, and all stars lie to the right of
the 2 kG line. We therefore find a minimum magnetic
field of 0.5 kG and a largest value for the minimum field
strength of several kG, in broad agreement with previ-
ous measurements of the magnetic strengths of cool stars
(Shulyak et al. (2017) and references therein). Interest-
ingly, these field strengths are smaller than but compa-
rable to those measured for rotating solar-type stars by
Notsu et al. (2019). We also note that Figure 6 shows a
gradient in stellar mass across the plane of spot coverage
versus maximum flare energy, implying late-type stars
may sometimes have a smaller minimum field strength
than earlier-type stars.
4.3. Flaring and stellar rotation
Astudillo-Defru et al. (2017) and Newton et al. (2017)
explore an increase in stellar activity as a function of
rotation until the increase in activity shows saturation
at periods shorter than ∼10 days. For those stars in our
sample with recovered flares, we compare the amplitudes,
energies and frequencies of their flares as a function of
stellar rotation.
4.3.1. Statistics of fast and slow rotators
We find an apparent increase in flare energy, ampli-
tude, and superflare occurrence at short rotation peri-
ods, in general agreement with earlier results (e.g. Mae-
hara et al. (2012); Paudel et al. (2019); Davenport et al.
(2019)). However, some previous superflare surveys do
not find any correlation of flare energy with rotation pe-
riod, e.g. (Maehara et al. 2012; Gu¨nther et al. 2020).
Maehara et al. (2012) suggest the maximum energy of a
flare is thought to be dependent on the stored energy of
a local active region, which does not necessarily depend
on the stellar rotation. Notsu et al. (2019) report the
Maehara et al. (2012) result is a result of giant contam-
ination. More recently, Davenport et al. (2019) do find
that flare strength decreases with increasing stellar rota-
tion for all slowly-rotating cool stars. We note Gu¨nther
et al. (2020) studied short-period rotators and Maehara
et al. (2012) studied solar-type superflare stars instead
of cool stars.
The relative difficulty in recovering long rotation peri-
ods means we may be sampling all activity levels at short
periods and only the most common activity at long pe-
riods. This bias means that we must exercise caution in
interpreting our results.
To correct for differences in stellar activity observables
as functions of the rotation period, we group all recovered
flare stars into<10 day (Ro <0.2) and>10 day (Ro >0.2)
period bins of short-period and long-period rotators, re-
spectively. We select these bins to directly compare our
results to Astudillo-Defru et al. (2017) and Newton et al.
(2017) who observed a break in rotation-activity power
laws at this period. Looking ahead to Section 4.3.3, we
include the approximate Rossby number of a 10 d M-
dwarf rotator because Astudillo-Defru et al. (2017) find
a break in the power law describing M-dwarf activity
versus period at 10 d but Newton et al. (2017) find the
break at Ro=0.2. We hypothesize our short-period and
long-period rotators are drawn from the same underlying
distribution of superflare rates. Because we sample more
short-period rotators than long-period rotators, we con-
struct our random distribution of superflare rates based
upon the observed distribution of short-period rotators.
We perform a Monte Carlo test of 10,000 trials with
the goal of distinguishing if 79 short-period and 43 long-
period rotators from the same simulated population can
differ as much as our actual rotators do. In each trial,
we simulate the same numbers of short-period rotators
and long-period rotators as we actually observed, and
test how often these simulated rotators differ as much as
our observed rotators do by using the SciPy (Virtanen
et al. 2020) implementation of the two-sample Anderson-
Darling (A-D) test (Scholz & Stephens 1987).
All three stellar activity observables easily distinguish
between our actual short-period and long-period rota-
tors, with large A-D statistics and small p-values. This
suggests they do not come from the same population.
The MC trials support this interpretation: the A-D
statistic and p-value of simulated rotators randomly
drawn from the same underlying population do not dis-
tinguish between short and long-periods. Across 10,000
trials, the minimum p-values are 0.07, 0.06 and 0.04 and
maximum A-D statistic values are 1.55, 1.71 and 2.33 for
the superflare rate, maximum flare energy, and starspot
coverage respectively. Since the simulated rotators can-
not reproduce the difference in the activity of our actual
rotators, we conclude the difference between our actual
short-period and long-period rotators is unlikely to be
due to sample bias. These results are shown in Table
2. We note running the same statistics excluding the 29
periods that do not correlate with TESS reduces the sig-
nificance of the tests, although the activity-versus-period
trends are still visible when only including periods con-
firmed in both surveys. See the top panel of Figure 7.
4.3.2. Quantifying rotation with the Rossby number
In addition to the rotation period, stellar rotation is
also quantified by the Rossby number: Ro=PRot/τConv,
where τConv is the convective turnover timescale in the
star. Ro gives the relative strength of Coriolis forces
and inertial forces in the star (i.e. when the Rossby
number is small, the star rotates quickly, and Coriolis
forces have the greatest impact upon the surface mag-
netic field). Convective turnover time is calculated us-
ing Equation 11 of Wright et al. (2011). This equation
is valid in the mass range 0.09 < MStar/M < 1.36.
Because the convection turnover time depends upon the
stellar mass, inaccuracy in the determination of the mass
used in calculating convection turnover timescale will be
propagated to the Rossby number. In the cool star mass
range, uncertainty in the stellar mass of 0.1M can prop-
agate to errors in the Rossby number of up to ∼0.15 dex.
We find 30 (24.6%) of our flare stars to be fast rotators
(Ro <0.04), 59 (48.4%) to be intermediate-period rota-
tors (0.04<Ro <0.4) undergoing rapid evolution to the
topology of the surface magnetic field during spin-down,
and 33 (27.0%) to be slow rotators (Ro >0.44). We define
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Figure 5. Left panel: Histogram of the amplitudes of rotation detected by Evryscope, with a median amplitude and 1σ spread in the
distribution of amplitudes of 0.033+0.026−0.014 g′ magnitudes. Middle panel: Same as left panel, except in normalized flux units ∆F/F, or the
fraction of light blocked by spots, with a median amplitude and 1σ spread in the distribution of normalized flux amplitudes of 0.06+0.05−0.03.
Right panel: Histogram of the distribution in hemispherical starspot coverage fraction, with a median spot coverage fraction and 1σ spread
in the distribution of spot coverage fraction of 0.13 0.12−0.06.
Table 2
Stellar activity of short period (PRot <10 d) vs. long period (PRot >10 d rotators
Stellar activity observable pobs A-Dobs Fraction trials
psim < pobs
ptrials
minimum value
Fraction trials
A-Dsim >A-Dobs
A-Dtrials
maximum value
Superflare rate 3.2×10−5 13.12 <10−4 0.07 <10−4 1.55
Largest flare energy 1.0×10−5 17.52 <10−4 0.06 <10−4 1.71
Spot coverage 0.01 3.74 <10−4 0.04 <10−4 2.33
Notes. We perform A-D tests on the stellar activity of our 79 short-period (PRot <10 d) and 43 long-period (PRot >10 d) ro-
tators to distinguish if they arise from two distinct populations. We observe higher superflare rates, maximum flare energies, and starspot
coverage from short-period rotators than long-period ones. While short-period and long-period rotators have distinct activity levels to
significant p-values, we perform MC tests of 10K trials each to ensure our results are not entirely dependent on the larger number of
short-period rotators. In each trial, we simulate the distribution of short-period rotators using acceptance-rejection sampling and draw the
number of short-period and long period rotators we observed. We find that the fraction of the trials in which the A-D statistic and p-value
of our simulated rotators more strongly distinguishes between short and long-periods than do the A-D statistic and p-value of our actual
rotators is essentially zero. Across 10K trials, the minimum p-values of the simulated rotators are 0.07, 0.06 and 0.04 and the largest A-D
statistic values are 1.55, 1.71 and 2.33 for the superflare rate, maximum flare energy, and starspot coverage respectively. The p-values of
the observed rotators are more than an order of magnitude better (with the exception of spot coverage), and the A-D statistic values of
the observed rotators are at least 60% higher.
Table 3
Stellar activity of fast (Ro <0.04), intermediate (0.04<Ro <0.4), and slow (Ro >0.44) rotators
Stellar activity observable Fast vs.
intermediate pobs
Fast vs.
intermediate A-Dobs
Intermediate
vs. slow pobs
Intermediate
vs. slow A-Dobs
Superflare rate 0.22 0.43 2.4×10−5 13.87
Largest flare energy 0.66 -0.61 0.01 3.36
Spot coverage 0.28 0.21 0.003 5.05
Notes. We perform A-D tests on the stellar activity observables of our 30 fast rotators (Ro <0.04), 59 intermediate-period rota-
tors (0.04<Ro <0.4), and 33 slow rotators (Ro >0.44) to distinguish if they arise from distinct populations. We do not observe significant
A-D statistic values or p-values between the stellar activity of our fast and intermediate rotators. We do observe a significant difference
between the superflare rate and starspot coverage of the intermediate and slow rotators. The largest flare energies of the intermediate and
slow rotators do not demonstrate significant differences, likely due to the small numbers of flare stars observed since the flares in Table 2
do display a difference. We note that we do not conclusively confirm the higher activity of intermediate rotators detected in MEarth light
curves by Mondrik et al. (2019). We believe this to be a result of our sample size and urge future work with larger samples of cool stars.
fast, intermediate, and slow rotators this way to be con-
sistent with the convention of Mondrik et al. (2019). In
Figure 8, we explore the stellar mass and Rossby number
as functions of the spot coverage, maximum flare energy
observed per star, and the superflare rate. We find our
flare star sample explores the period-gap reported in ear-
lier works (e.g. Newton et al. 2018).
4.3.3. Flare stars in the mass-Rossby plane
We compare our rotators against rotators from other
surveys. We plot low-mass and long-period rotators from
the MEarth survey (Newton et al. 2018), and early M-
dwarf to late K-dwarf rotators from the KELT survey
Oelkers et al. (2018). We convert the stellar effective
temperatures from Oelkers et al. (2018) to stellar masses
using the relations given in Table 5 in the Appendix of
Kraus & Hillenbrand (2007). We find that Evryscope
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Figure 6. Measured starspot coverage of each rotating star versus
the maximum-observed flare energy from that star. Scaling rela-
tions for the minimum spot coverage needed to generate flares at
the observed energies are overlaid for representative field strengths
of 0.5 kG, 1 kG, and 2 kG. For each scaling relation for a particular
field strength, the measured spot coverage should lie to the right
of that line. We find most of our rotators lie to the right of the
0.5 kG field line, and all lie to the right of the 2 kG line, placing
upper limits on the minimum field strength of our sample. We also
color-code each data point representing a rotating flare star by its
stellar mass, finding a gradient between early and mid M-dwarf
stars in the plane of stellar mass and flare energy.
flare stars occupy a similar parameter-space in the mass-
rotation plane as these surveys. However, our sample
does not reach masses as low as some MEarth targets.
What is unique about our sample compared to these
MEarth and KELT targets is that our sample is selected
on the basis of flaring, allowing us to probe changes in
flaring in the mass-rotation plane.
We note the lack of fast rotators compared to interme-
diate rotators. We observe twice as many intermediate
rotators as fast rotators. We check this lack is not a result
of unexpected large errors in calculating Ro. Because our
typical uncertainty in stellar mass is ∼0.1-0.2M (i.e. a
few spectral sub-types) can lead to errors in the Rossby
number of up to 0.2-0.3 dex, our uncertainties are un-
likely to account for the nearly order-of-magnitude dif-
ference necessary to move data-points between the the
intermediate and fast rotator regime (visible as the bot-
tom gray sequence below Ro=0.04 in Figure 8). We hy-
pothesize that selecting rotators on the basis of a high
flare rate is likely the cause of the high number of in-
termediate rotators. It is possible selection effects are
present in Evryscope periodograms, suppressing the de-
tection rates of fast rotation periods. Ruling out this pos-
sibility will require statistical analysis on a larger sample
of Evryscope rotators that are not selected on the basis
of flaring.
Low-mass stars comprise the vast majority of fast
rotators and therefore most of the fast rotators that
have high superflare rates as shown in Figure 7 and
Figure 8. In Figure 7, we split our rotation-activity
plots into low mass and high mass groups to deter-
mine if rotation-versus-activity changes across the fully-
convective boundary. Mondrik et al. (2019)’s sample of
flaring MEarth rotators are all M∗ < 0.33 M, motivat-
ing our choice of boundary.
4.3.4. Inconclusive increased activity of intermediate
rotators
We divide up all 122 rotating flare stars into fast, inter-
mediate, and slow rotators and test if the stellar activity
of the intermediate rotators is increased compared to the
stellar activity of the fast and slow rotators. We perform
2-sample A-D tests as described in Section 4.3.1 sepa-
rately for the starspot coverage, maximum flare energy,
and the superflare rate. We limit our hypothesis test-
ing to three observables to avoid searching for random
correlations. We choose observables that probe a broad
range of stellar activity: a flare rate, a flare size, and the
extensiveness of the active regions that emit flares.
For each observable, we test whether the fast and in-
termediate rotators come from the same population, and
we test whether the intermediate and slow rotators come
from the same population. We observe a general decrease
in activity with decreasing rotation, in agreement with
Table 2 and earlier studies (e.g. Newton et al. (2017);
Davenport et al. (2019); Ilin et al. (2019)). However, we
do not statistically confirm the increased activity of in-
termediate rotators reported by Mondrik et al. (2019).
This is likely due to the small number of flare stars we
observe; we urge more extensive studies of rotating flare
stars be made. These results are displayed in Table 3.
We plot the stellar activity observables versus period
and Rossby number in Figure 7 to verify the statisti-
cal results by visual inspection. While the statistical
tests are performed on all 122 stars, we plot here only
those stars with periods observed in both Evryscope and
TESS. Although this cut removes some periods longer
than the TESS observing window, it enables a simpler
visual inspection of possible trends between the fast and
intermediate rotator groups. We overlay grey lines in-
dicating the trends in maximum activity versus rotation
and search for excursions above these trend lines. There
appear to be two groups of fast rotators, with one group
showing lower superflare rates and the other group show-
ing very high superflare rates. There is only one group of
intermediate rotators, but this single group has a higher
flare rate than the low activity group of fast rotators. It
is possible the two groups of fast rotators evolve with age
into the single group of intermediate rotators.
Our M∗ < 0.33 M stars include both high and low
activity groups of fast rotators and display the same pat-
terns at longer periods as earlier-type stars. If a differ-
ence in mass between this work and Mondrik et al. (2019)
explained their non-detection of the high-activity fast ro-
tators, we would expect the high activity fast rotators to
be earlier-type stars. However, Figure 8(c) shows the
high-activity fast rotators are mostly late-type stars. We
urge further work with a larger sample of rotators and
flare stars.
The spot coverage trend has high noise compared to
the flare rate trend in Figure 7 and Figure 8(a). The
maximum energies display a decrease with increasing pe-
riod in Figure 7 and a diagonal gradient in the mass-
Rossby plane of Figure 8(b).
5. SUMMARY AND CONCLUSIONS
We observe 122 rotators in our sample of 284 late
K and early-to-mid M flare stars, with periods rang-
ing from 0.3487 to 104 days. We observe 30 fast
rotators (Ro <0.04), 59 intermediate-period rotators
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Figure 7. Stellar activity observables as functions of stellar rotation and Rossby number. All points have periods confirmed in both TESS
and Evryscope. Red points have stellar masses M∗ < 0.33 M, while purple points have stellar masses 0.33 < M∗ < 0.7 M. Top panels:
The starspot coverage fraction, largest observed flare energy from each star, and superflare rate versus rotation period. All three types of
activity decrease at longer rotation periods, as described by Table 2 and Table 3. To guide the eye, a grey line is overlaid on the decrease
in stellar activity with period. The superflare rate changes significantly between periods of roughly 3 to 11 d. Bottom panels: The starspot
coverage fraction, largest observed flare energy from each star, and superflare rate versus Rossby number. Vertical red dashed lines indicate
the boundaries between the Rossby numbers of fast, intermediate, slow rotators. All three types of activity decrease at longer rotation
periods, as described by Table 2 and Table 3. However, the superflare rates of intermediate rotators show an apparent increase in flaring,
if extremely-active stars (up arrows) are excluded. If real, this tentative evidence for changing surface magnetic field geometry during spin
down may correlate with the increased activity of Mondrik et al. (2019).
(0.04<Ro <0.4) undergoing probable changes to the sur-
face magnetic field, and 33 slow rotators (Ro >0.44).
This sample of rotating flare stars was investigated
as a subset of the ongoing Evryscope survey of all
bright nearby stars; we selected these stars because they
were observed in the first quarter of TESS observa-
tions and had 2-minute cadence light curves in the blue
(Evryscope) and in the red (TESS), allowing future study
of stellar activity in both bands. We find the sinusoidal
amplitudes of rotation of cool stars often exceed 1% vari-
ability, suggesting the combination of 28 d TESS obser-
vations and long-term, moderate-precision ground based
observations may greatly increase the number and pre-
cision of rotation period measurements for nearby cool
stars.
We fold the 2-minute cadence TESS light curve of each
star to the Evryscope-detected period. We find the sinu-
soidal amplitude of rotation in the red TESS-bandpass
is less than or equal to that in the blue Evryscope band-
pass. We find this effect is strongest for the lowest mass
stars in our sample and that the correlation with stellar
mass is statistically significant.
Using the sinusoidal amplitude of rotation, we compute
the minimum fraction of the stellar hemisphere covered
by starspots. We measure a median spot coverage of
13% of the stellar hemisphere. We predict the largest
flares these spots could emit for several values of the
stellar magnetic field strength and subsequently compare
these large predicted flares against the largest flares we
actually observed. We find stellar magnetic fields of at
least 500 G are most-consistent with our observed flares
and spots. The minimum field strength of the later-type
cool stars exhibits a broader spread in values than the
minimum field strength of the earlier-type cool stars.
We find our PRot <10 d (Ro <0.2) rotators demon-
strate higher superflare rates, largest flare energies ob-
served per star, and starspot coverage fractions than
do PRot >10 d (Ro >0.2) rotators. Splitting up
our rotators instead into fast (Ro <0.04), intermediate
(0.04<Ro <0.4), and slow (Ro >0.44) rotators do not re-
sult in statistically significant increases from the fast to
intermediate rotators, although a possible rise in the su-
perflare rate of intermediate rotators is observed visually.
Therefore, we do not conclusively confirm the increased
activity of intermediate rotators seen in previous studies.
Because our sample is specifically selected to only include
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Figure 8. Evryscope flare stars in the mass-Rossby plane. Flare
stars are scaled in color by (top panel to bottom) the spot coverage,
maximum flare energy observed per star, and superflare rate, re-
spectively. MEarth and KELT rotators not selected for flaring are
plotted in grey for reference. Evryscope flare stars explore the spin
down transition region from fast to slow rotation where Mondrik
et al. (2019) report increased flaring.
flare stars from the 2 min cadence cool stars observed by
TESS, the 2× increase in intermediate rotators we find
over fast or slow rotators may itself be indicative of in-
creased activity at these periods. However, this increase
may be due to selection effects; we urge future work with
larger samples of intermediate rotators be performed in
Evryscope and TESS to confirm these apparent changes
to starspot coverage during spin-down.
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